Abstract Carbonate shells have an astonishing ability in the removal of Cd 2+ in a short time period with emphasis on being a low cost adsorbent. In the present study, the sorption capacity of carbonate shells was studied for Cd 2+ in batch experiments. The influence of different carbonate shell sizes and physico-chemical factors were evaluated and the results were analyzed for its correlation matrices by using Predictive Analytics Software (PASW). The mineralogy state of aqueous solution regarding the saturation index was simulated using PHREEQC to identify the Cd 2+ uptake mechanism. The Cd uptake rates were calculated as well as Ca 2+ , HCO -3 concentration, pH, ambient humidity and temperature were measured. Cd 2+ removal of 91.52% was achieved after 5 h adsorption. The adsorption efficiencies were significantly influenced by pH as they increased with the increase of pH from acidic solution (5.50AE0.02) to slightly alkaline (7.60AE0.05). In addition, the mineralogy state of aqueous solution calculated from PHREEQC confirmed that the increment of Ca 2+ and HCO -3 concentrations in solution was attributed to the dissolution of carbonate shells. Moreover, the ion exchange adsorption mechanism of Cd 2+ toward Ca 2+ was identified as the process involved in Cd 2+ uptake.
Introduction
Cadmium (Cd) exists naturally in the environment from the Earth's crust and mantle erosion caused by the weathering of rocks and soils, volcanic activities and forest fires that are always found in small quantities in air, water, and soil [1] . In mineralogical formation, Cd is best known in cadmium sulfide, otavite, cadmium carbonate and also pure cadmium oxide. Higher levels of Cd may be found in the environment as a by-product contributed from anthropogenic activities, especially industrial processes, such as electroplating, metal processing industries, battery and paint manufacturing, alloy manufacturing, disposal of the tailing from mining, plastic, pigments, cadmium-nickel batteries, fertilizers, pesticides, textile operations, smelting and refining [2, 3] . Cd is commonly known for its high potential in respect of the deterioration of the environment since it is non-degradable, and, therefore, persistent [2, 4] . Although it occurs as one of the major natural compositions in the environment and can be found everywhere in the atmosphere, it is threatening to humans and plants as well as animals [5] . Cd is especially dangerous because of its toxicity and ubiquity [6] . In general, Cd has an oxidation state of 2 + , thus making Cd 2+ the easiest free ions of Cd species to be analyzed. Cd 2+ is also a known Cd species that can be found in water if contamination occurs. Wastewater effluent that contains Cd is generated either directly from Cd consumption or through secondary sources [2] .
All over the world, many attempts have been made to solve the contamination problems of heavy metals with a special emphasis on the highest efficiency and economically viable techniques [7] . This is important in protecting living organisms in the environment [8, 9] , thus conserving natural resources such as water. Many conventional methods have been applied in attenuating heavy metals pollution including ion exchange, chemical precipitation, membrane technologies, electrolytic treatments, and redox potential [10, 11] . However, most of these techniques have been found to be limited as it involves high installation and operational costs and leads to secondary pollution, or might produce a large amount of sludge that is difficult to treat [11] . In addition, all these methods also lack efficiency while removing heavy metals, especially when they are present at low concentrations (1-100 mg$L -1 ) [12] . Therefore, numerous approaches have been con-ducted in developing both cheaper and effective techniques, which has directed attention to biosorption.
Biosorption approaches have become the most frequently applied method in industry, and, consequently, are the most extensively studied. Biosorption explains the removal of substances from solution, based on the metal binding capacities [13] of various biologic materials [14, 15] . By comparison, biosorption technology can fulfill the need for low operational cost, as it is certainly inexpensive and affordable [16] ; in addition, it demonstrates the reusability of biomaterial and the improved selectivity for specific metals of interest in a short operation time [17] . In other words, biosorption is an alternative technique for the removal of heavy metals from aqueous solutions using naturally origin adsorbent, for instance, crop residues, plant production, or geological deposits [6, 18] .
Due to their abundance in the environment and their role in controlling the regulation of biogeochemical cycles of metals in the environment [19] , carbonate shells were used as a treatment material that focusing on eliminating heavy metals from water. The use of carbonate shells as a biosorbent has been accelerated by their ability to control aquatic environments through sorption dissolution, and also precipitation, which occurs between the mineral lattice and bulk solution interface [20] . Carbonate shells have a structure of at least 95% crystalline form of calcium carbonate (CaCO 3 ) [21] , the mineralogical composition of which is commonly formed of either calcite or aragonite. This reinforcement has made them perfectly suited to deal with the cost effective factor. CaCO 3 is a very ordinary mineral, which forms approximately 4% of the weight of the Earth's crust, and, thus, is among the most important minerals that play a central role in the regulation of biogeochemical cycles of heavy metals in the environment.
In this study, carbonate shells were used as a biosorbent, which are a waste product in many coastal countries, and, thus, may, from an economic viewpoint, be more favorable than other solid phases, such as clays or zeolite. In the application of metal elimination, the constant aim is to set up a low-cost effective elimination system for various types of metal rich wastewaters. As a ubiquitous material all over the world, since it is naturally being produced by sea and fresh water organisms, carbonate shells were selected as the biosorbent. As enormous amounts of carbonate shells can be easily found dumped everywhere as a waste product, there is an abundance of carbonate shells that could potentially be used to treat heavy metal contamination in water. In addition, the recycle concept and regeneration of biosorbent can also be applied and simultaneously diminish the waste into minimal amounts.
The use of carbonate shells does not have side effects and is not harmful to the environment and humans compared to chemical additives, and, hence, no secondary pollution is generated. Consequently, this study approach would provide the best metal removal treatment with high effectiveness and efficiency with emphasis on low cost treatment by biologic waste. Therefore, an attempt to use a low ratio of adsorbent (volume of water/weight of biosorbent) throughout the treatment has been made in this study. Many experimental works showed that particle size plays an important role in metal uptake capacity [22] [23] [24] . Adsorbents with smaller particles have a higher uptake capacity compared to larger particles. This study focused on the sorption capacity of carbonate shell in relation to Cd 2+ 
Materials and methods

Biosorbent and stock solution preparation
The biogenic CaCO 3 clamshells were used as the biosorbent in this study for the adsorption of Cd 2+ in aqueous solution. Commonly, this type of biogenic CaCO 3 clam comes from cockleshells, which belong to the phylum Mollusca, class Bivalvia, family Corbiculidae with their local name as basket clam. The clams were commercially available from common fish markets.
First, the shells were separated from their meat by steaming and washed without any special treatment. The shells were soaked in the 1% sodium hydroxide (NaOH) solution for 24 h at room temperature [25] and rinsed with deionised water. This is crucial to remove the adhering dirt, protein and organic material on the shell surface. After airdrying for 2 to 3 days, the shells were crushed into small pieces using a pestle and mortar and sieved into different size ranges (0.40-6.70 mm). Sieved shells were stored in acid-washed zip lock bags prior to analysis. The metal stock solution (1000 mg$L -1 ) was prepared by dissolving 2.744 g of cadmium nitrate tetrahydrate (Cd(NO 3 ) 2 $4H 2 O, Acros Organics) in 1.0 L of deionised water. A working solution of Cd 2+ was prepared by diluting the stock solution using deionised water. All chemicals were analytical grade reagent. All laboratory apparatus were pre-cleaned with acid wash and soaked overnight in 5% (v/v) nitric acid and was first rinsed thoroughly with deionised water in order to ensure any contaminants and traces of cleaning reagent were removed before the analysis [26] .
Sorption experiment
The sorption capacity of carbonate shells were carried out at constant room temperature (25°CAE1°C) in batch equilibrium experiments. The sorption experiments were performed by mixing 5 g of fractioned shell in 1.0 L of Cd 2+ aqueous solution (initial concentration = 5000 µg$L -1 , initial pH = 5.50AE0.02) in acid-washed High-density Polyethylene (HDPE) bottles. The biosorbent ratio was also fixed at 1∶5 (L$g -1 ) (volume of water/ weight of biosorbent). The bottles were mechanically agitated at a speed rate of 150 r$min -1 using an orbital shaker (Model USA301, Stuart, UK) to ensure a well mixed and homogenized solution. Samples were collected at different time intervals (every 60 min) up to 24 h to get a better defined breakthrough curve, and then followed by an interval time of 12 h up until 72 h. The drawn samples except for HCO -3 analysis were filtered through 0.45 μm cellulose acetate membrane filter (Whatman Millipore, Clifton, NJ, USA) to obtain dissolved metal while avoiding the occurrence of clogging during analysis with spectrometry instruments. All filtered samples were preserved by adding concentrated nitric acid (HNO 3 ) and stored at 4°C until analyzed.
All collected samples were then analyzed for cadmium (Cd 2+ ), calcium (Ca
2+
) and bicarbonate (HCO ) were determined using inductively coupled plasma mass spectrometry (ICP-MS, ELAN DRC-e, Perkin Elmer, US). The analysis for HCO -3 concentration in the collected water sample was performed based on conventional titration method (0.02 mol$L -1 HCl) with unfiltered sample at each pre-determined time interval [26] . The pH was measured using SevenGo Duo Pro-SG7 probe (Mettler Toledo AG, Schwerzenbach, Switzerland). A control experiment was conducted under the same experimental conditions without any addition of biosorbent. All sorption experiments were conducted in duplicate to establish the reliability of the findings and the average results are presented in this study to confirm the accuracy and to remove anomalous results.
Data analysis
The obtained data were also analyzed using descriptive statistics, variance analysis (One-Way ANOVA) and the Pearson correlation coefficient analysis employing the Predictive Analytics Software (PASW) Statistics 18 (formerly known as Statistical Package for Social Science (SPSS) Statistics 18, or SPSS Base). One-Way ANOVA was applied to test the significant difference of Cd 2+ reduction at different interval times. The confidence interval was accepted at 95%. Pearson correlation (r) was performed in order to obtain the relationship between the analyzed parameters and Cd 2+ removal efficiency. The average sorbed Cd
) was determined based on the difference between the initial and final metal concentration in solution after treatment (Eq. (1)).
where
) while C β indicates the final concentration (µg$L -1 ) at the end of treatment of 72 h. The removal efficiency (%) was calculated using Eq. (2).
Removal ef f iciency ð%Þ ¼
where C 0 is the initial heavy metals concentration (µg$L
) after treatment (72 h).
Modeling using PHREEQC
The data obtained from the sorption experiments were then calculated using PHREEQC version 2.17. PHREEQC is a computer program used for simulating chemical reactions and transport processes in natural or polluted water, as well as laboratory experiments [27, 28] .
The numerical model PHREEQC was used to calculate the mineral saturation indices for calcite and aragonite by calculating the Saturation Index (SI) in the aqueous solution. SI is defined as lg(IAP/K sp ), where IAP is the ion activity product for a mineral equilibrium reaction in natural water and K sp is the equilibrium solubility product of a mineral. IAP that involved CaCO 3 in the analysis is calculated based on the following equation:
The saturation condition, or saturation state (Ω) of aqueous solution may be expressed as the ratio of the IAP and K sp as in Eq. (4):
From Eq. (4), the aqueous solution is said to be undersaturated or saturated with CaCO 3 when it tends to either dissolve, or precipitate CaCO 3 in the solution. This equilibrium condition is based upon an undisturbed solution and at constant temperature. Aqueous solution is said to be undersaturated if it can still dissolve CaCO 3 that makes the Cd 2+ substitute the Ca 2+ . This process will result in a lower Cd 2+ concentration in the aqueous solution. A supersaturated condition will precipitate CaCO 3 in the aqueous solution and does not reduce the Cd 2+ concentration. When an aqueous solution is undersaturated or in dissolution state with respect to the mineral, the SI will be less than 0 (SI < 0), while if it is supersaturated with CaCO 3 (precipitation state), the SI will be more than 0 (SI > 0). In equilibrium, the SI will result in 0 (SI = 0) by definition. Therefore, it is important to calculate for SI since it will define the equilibrium condition of Cd with an exception of the control sample. Despite the fact that the fraction sizes of shell varied, the curve revealed a similar pattern on the reduction of Cd 2+ concentration. Approximately 98.73% to 99.50% of dissolved Cd 2+ was reduced after treatment reached 72 h for various fraction sizes of shell. The Cd 2+ concentration decreased steeply as time increased at the beginning of 24 h and tended to slow down as it reached the equilibrium state. There was a progressive increase in the Cd 2+ removal rate with a decrease in fraction size. The efficiency of Cd 2+ removal is in the order: 0.40 mm > 0.80 mm > 2.00 mm > 4.00 mm > 6.70 mm ( Table 1) .
The maximum adsorption occurred with the smallest fraction size (0.40 mm) of biosorbent, which achieved the highest Cd 2+ removal rate of 99.50% at the end of the treatment (72 h). After the solution had been exposed to the carbonate shell for an hour, the Cd 2+ uptake from the 0.80 mm fraction size was observed to have the highest removal percentage compared to other fraction sizes (p < 0.05). However after 2 h of treatment, carbonate shell from the 0.40 mm fraction size became the most efficient size as adsorbent (Fig. 1) Cd ions remaining in the solutions. Throughout the experiment, at each time interval except in the first one hour, the fraction size of 0.40 mm was the most efficient size in removing Cd 2+ among the other fraction sizes. These results are consistent with other studies [22] [23] [24] , which indicates that maximum Cd 2+ removal could be achieved using a smaller particle size.
In the aspect of removal rate, this study proved that carbonate shells had great feasibility and provides low cost and high efficiency as an adsorbent for maximum Cd 2+ removal. The study conducted by Meena et al. [29] revealed that less than 70% of Cd 2+ was removed from the aqueous solution with the same initial concentration of 5000 µg$L -1 . Even though they used a higher adsorbent dosage, at the end of 48 h of treatment, the Cd 2+ concentration is still high. However, carbon aerogel was used as an adsorbent in the study, which was derived from the sol-gel polymerization. The preparation of the carbon aerogel requires complicated steps and high operational cost. The metal removal rate depends on the fraction size of the biosorbent [30] , which is most likely because of the surface area of the adsorbent and the interaction mechanism between the adsorbent-solution. A smaller fragment size has a larger surface area compared to a bigger fragment size, which provides more sorption areas and binding sites for metal ions [31] . Meanwhile, particles with larger diameters have longer diffusion pathways, which need a longer time for the interaction between the adsorbent-solution to achieve equilibrium. There is a more dominate removal of metal ions by smaller particles. It also resulted in the faster uptake of Cd 2+ in the first 5 h of treatment.
Effect on calcium and bicarbonate concentrations
At the beginning stage of the experiment, the aqueous solution contained a very low value of Ca (Fig. 2) . The decrease in the Cd 2+ amount resulted in the increasing of Ca 2+ and HCO -3 concentration due to the biosorbent being dissolved in the solution. When the carbonate shell was added to an aqueous solution, the below reaction occurs:
where CaCO 3 is a major mineral composition for aragonite and calcite. From Eq. (5), it clearly shows that the increase of Ca 2+ and HCO -3 concentrations in the solution originated from the carbonate dissolution.
Furthermore, the HCO -3 concentration in the aqueous solution showed a strong positive correlation (r = 0.787, p < 0.01) with the Ca 2+ concentration, but a strongly negative correlation (r = -0.781, p < 0.01) toward the Cd 2+ concentration (Table 2 ). It could be observed that the Ca 2+ and HCO -3 concentration for various fraction sizes of biosorbent in solution increased steeply, followed by a slower increase and then a plateau as the solution approached the equilibrium saturation state (Fig. 3) . The same patterns were observed for Ca 2+ and HCO -3 , which showed an increment of ions over time.
Effect on pH
The pH of the aqueous solution is one of the important controlling factors in the adsorption process of heavy metals. Additionally, pH has been identified as the variable that determines the surface charge of the adsorbent as well as the speciation of the targeted adsorbate [21] . In the adsorption mechanism performance, the dissolution of carbonate shells had a strong influence on the evolution of pH.
The alkaline condition occurred due to the dissociation of CaCO 3 , which released OH -as a product into the solution (Eq. (5)). Therefore, after 72 h of treatment, the pH of the aqueous solution shifted from acidic (5.50AE0.02) to a slightly alkaline pH of 7.60AE0.05 (Fig. 4) . The maximum and minimum uptake of Cd 2+ occurred at pH values of 7.60AE0.05 and 5.50AE0.02, respectively, with a significant negative relationship between both parameters (r = -0.492, p < 0.01). At lower pH values, the predominant species of H + competes with the Cd 2+ for adsorption on the sites of the adsorbent [32] . As the H + in Fig. 2 Negatively correlation between Cd 2+ and Ca 2+ concentration throughout the sorption experiment for 72 h the aqueous solution decreased with an increase in pH value from 5.50AE0.02 to 7.60AE0.05, it resulted in the increased value of Cd 2+ adsorption. The increment of pH in this study explains that the aqueous solution evolved into a slightly alkaline condition in which HCO -3 is the predominant species at higher pH values [33, 34] . In addition, the results obtained from the adsorption of Cd 2+ showed that the maximum adsorption was observed in alkaline condition at pH 7.60AE0.05 (p < 0.05). This finding is in agreement with a previous study conducted by Kaur and Sud [35] in which the adsorption rate increased by 11%-18% as the pH of the aqueous solution increased. In fact, previous studies have indicated that proper pH adjustment contributed to an increase in the metal adsorption capacity of carbonate shells [19, 20, 25, 36] .
Effect of ambient humidity and ambient temperature
This study also focused on the effect of other factors, such as ambient humidity and ambient temperature with respect to the Cd 2+ uptake experiment rate on carbonate shells. Ambient humidity showed no correlation (r = 0.080, p = 0.068) ( Table 2) , or in other words, it did not have any significant impact on the Cd 2+ reduction. Apart from that, the ambient temperature had a weak correlation of r = -0.132 (p < 0.01) with the Cd 2+ concentration, thus proving that it did not influence the Cd 2+ uptake mechanism in the aqueous solution.
Metal sorption mechanism
Ca
2+ and HCO -3 showed an increment throughout the experiment (Fig. 3) . This result affirmed that in the presence of carbonate shell as a biosorbent, the Cd 2+ were capable of attaching to the shell surface either by substituting the Ca 2+ or precipitating onto its surface. The increment in Ca 2+ concentration happened because the carbonate shell had dissolved, the aqueous solutions evolved toward equilibrium with the CaCO 3 and substitution process occurring between Cd 2+ and Ca 2+ , as shown in Eq. (6):
This reaction was used as the hypothesis in the beginning of the experiment, which was later proved by the saturation state of the mineral, which was calculated using PHREEQC. The SI calculation reflexes the saturation state of a solution, therefore it was determined to obtain the equilibrium phase between the mineral and investigated solution involved. From the calculation, most of the samples were undersaturated with respect to aragonite and calcite (Fig. 5) . Consequently, the samples tend to be at dissolution stage of carbonate mineral (calcite and aragonite) species that originated from the carbonate shells throughout the uptake experiment where it released Ca 2+ and HCO -3 into the aqueous solution. Therefore, it confirmed that the decreased amount of Cd 2+ in the solution was because of the ion exchange adsorption mechanism between Cd 2+ and Ca
2+
. This substitution mechanism occurred during the treatment process. Meanwhile, dissolution of carbonate shell is always accompanied by an increase in the amount of carbonate species (HCO 
Conclusions
The experimental study of Cd 2+ uptake capacity and its chemical reaction using carbonate shell was analyzed in batch equilibrium. The fraction size of 0.40 mm was most efficient in the adsorption of Cd 2+ with a maximum Cd 2+ removal efficiency of 99.50%. This was followed in significant (p < 0.05) decreasing removal efficiency (%) by 0.80 mm (99.48%), 2.00 mm (99.37%), 4.00 mm (99.21%) and 6.70 mm (98.73%). It was obvious that different sizes of fraction shells affected the efficiency of Cd 2+ uptake. Investigation of the impact of physicochemical factors of these treatments revealed that the Ca 2+ and HCO -3 concentrations were influenced by the Cd 2+ uptake concentrations showed an increment at the end of the experiment. As the dissolution of carbonate shells happened, it also increased the pH of acidic solution (5.50AE0.02) where it evolved toward slightly more alkaline (7.60AE0.05) (p < 0.05). The substitution process of Cd 2+ with Ca 2+ has been identified since the dissolved Ca 2+ in the solution increased as the dissolved Cd 2+ decreased. The PHREEQC calculation on saturation state revealed that the aqueous solutions were in undersaturation or a dissolution state with respect to aragonite and calcite. These experimental studies on adsorption would be useful in developing low cost adsorbents for the efficient and effective removal of heavy metal ions from contaminated water. To better understand the adsorption mechanism of Ca 2+ on the carbonate shell, further research should be conducted on its applicability under real condition, such as in the industrial effluent treatment.
